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ABSTRACT 

This epp leal ion report descrfoes a low-cost single-phase eleclncity meter design using the 
MSP430C11x 1o achieve arabg-to-dgrtal conversion (ADC), sei -caibrai ion. and anti-tarrpering 
prelection. 
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1 Introduction 

Mechanical electrcity meters (e-meters) have been used for household etectricity measurement 
forctecacfcs New, fully electronic e-meters are replacing mechanical e-meters. but, up to now. 
electronic e-meters have teen limited by higher costs associated with the analog-to-digital 
converter (ADC) and the processor 

The MSP433C1lxisalowcost member of the MSP430 family ofctevices from Texas 
Instruments. Itctoes not have built-in hardware bbckssuchas ADCs and hardware multipliers 
that are normally associated with electronc e-meters. However, with three channels of powerful 
capture registers, it is possible to construct three channels ol tow-cost but high-resolution ADCs. 
With its high performance 16-bit RISC processor, the 'CUxcan be used to build a high- precision 
low-cost fully electronic e-meter Some of the main features are: 

• Three channels of stope ADC using the built-in capture timer 

• Two ranges of current input with automate control to cover current up to 400% 

• High accuracy with less than l%error required in class 1 meter 

• AntHampering to prevent electricity theft 

• Simple and easy self-call brat ton 

• Single chip with noextemal MCU required 

• DC offset removal for both voltage and current channel 

• Low pass filter for instantaneous power 

• Energy to pulse frequency conversion 

2 Ana log-to- Digital Conversion 

For e-meter applications, special consideration must be given to the ADC stage. Realtime 
power calculation requires instantaneous samptes of both voltage and current signals. The most 
straightforward way to cfo this is to simultaneously sample both the current and voltage signals, 
which is the apprcech described in this report. In this application, three channels of parallel ADC 
are available; use of the third channel will be explained later By using a single-slope ADC 
technique, three ADC channels can be constructed cost effective \y that give good resolution (11 
bits) and adequate sampling rates (1 K samples sec channel) 
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2.1 Single Slope ADC 
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Figure 1. Single Slope A to D 

The analog-to-digital conversion uses a traditional singe slope approach. An anatag multiplexer 
selects the signal input and the reference voltage on alternate cyctes After the sample and hoki 
the output e compared with a ramp input The comparator then triggers the capture timer when 
the ramp has reached the input voltage. The time corresponding to the signal input and the 
reference voltage are both taken, and the actual input value can be calculated with the following 
equation, 

w - v,„ * (£) 

Where V[n] s a sequence given by V(n xy 
2.2 Ramp Generation 
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Figure 2. A Ramp Generator 

The ramp generator consists of an operational amplifier (op amp) integrator With a constant 
voltage input a constant current equal to (V Ms -V ch |)'Rfbws through capacitor C. This develops 
a linear voltage ramp output on the op amp 

2.2. 1 Ramp Generation Cycle Time 
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Figure 3. Ramp Generation Cycle 
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In Figure 3. it V clTÍ is set to Oat t = 0, the output V, amp starts to ramp up from 0. After time tj, if 
V ct j is brought to V cc white the V ramp reaches V max , trie V ram p now ramps ctown. Andafteranother 
time t2, V ram p drops to (X Setting V CV | to again starts a new cycle. 

Given C = Q/V C 

then C = l c /(dV c /dti 

or C = {(V bms - V^rt) / RJ / (diV.nnp-V^J/dl) 

or At = RC x AV ranp / (V^-Vcrf) 

so t] =RCxV rax /V bias 

and t 2 = RCxV TOX /(V cc -V bia5 ) 

The cycle time will be 

tc= t, +t 2 =RCx V„, x (' + 



(■ 



>i« fv«-v. 
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The above equatbn tells how to select the RC value with a given sampling frequency. However 
the following points should be taken into account:. 

• V max should be set to a value as big as possible to maximize the input signal dynamic range. 
It can be either the saturation output of the op amp or the maximum Input value of the 
comparator, whichever is smaller 

• In Figure Z Vb©s should be as small as possible. Forasingte slope ADC, we are only 
interested in the rising pari of the generator, and. therefore, the falling time shouU be 
minimized-that isti » t^ A small Vbascangivea big ti and small t2 

• A little desirable overcharging or discharging can be achieved by selecting an RC value 
smaller than the calculated value. This ensures that the initial voltage in charging or 
discharging isOor V rr&x Unknown initial conditions can shift the ramp up and ctown. 

• The software control cte lay causes the actual ti+t2 to be smaller than tc- This is another 
reason for using a smaller RC value. 

ZZ2 A Practical Example 

V« = 5V 

V^ = 3.5 V 

Vbtas=06V 

Sampling frequency = 995 Hz =>tc = 1 / (2x975) 

If C = 1CO0 pF, R = 75.8 K. To have a smaller RC value, setect R' = 68 K (or even 62 K). 

ZZ3 Time Measurement of the Ramp 

The MSP43D's capture timer can be easily configured to capture the end results of a 
comparator. But, there is no external hardware control to start the timer at the beginning of the 
ramp signal. At present, the start of the ramp is detected by comparing the ramp with a preset 
threshold slightly higher than zero. The amount of time it takes to get from zero to the threshold 
is determined as a portion of the capture time using the reference signal as input. 
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Figure 4. Ramp Time Measurement 
From Figure 4. the sbpe G given by: 

v ref /(W*ti> = v^ 

Strfwfert,=WxtVi/(V rf -V l )) 

Ort, = t iel 'xK 1 

Where K l = V,/(V ret -V l ) 

Since a multiplication is required, Kj should be a simple numberso that simple shift and/oracfclSub 
operations can be used to replace the high MIPS multiplcatbn routine. 

2.3 Dual Range ADC for Current Channels 

The rms value ot the voltage input loan electricity meter should show only a small variatbn. 
However, the rms value for the current input varies according to the amount and type ot fcading. 
and this exhibits a much larger variatbn Due to this Brge variatbn. either a relatively high 
resolutbn ADC ora bw resolution ADC with selectable ranges should be used To cover a 
range from 5% to 403% with a ±1% error the minimum range of 400^5 x 10G'(1+1) =4000 is 
needed. A minimum of 12 bits is required. In a single sbpe ADC. there is a tradeoff between 
resolutbn, sampling speed, and noise. A resolutbn ot 10 bits is more practical A 12-bit 
resolutbn is effectively achieved by adding an extra gain of 4 for small inputs. Even though the 
target single range resolutbn is 10 bits, the actual resolution achieved in the design is about 11 
bits. 
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Figure 5. Dual Range ADC BLOCK DIAGRAM 

Figure 5 shows the block diagram of a dual range ADC It consists of a single range ADC and 
external hardware to provide an extra gain ot 4 for small input signals. Theoielcally all gains. 
Gt , Q»2' 1< ^i ancJ ' J ^2 should be unity, but the external hardware may not be abte to provide a 
multiplication ot 1 or 4 due to the limited choice of component values. To take the deviation into 
the account extra gains, G^ and G2 are acfcted. Usually, the deviation s small 

C( and C2 compensate gains G|' and G2' that cfevote from the original G^ and G2 due to 
component error Therefore, Cj =G^ l Gi'andC2 =62^2 - Since G|' and G2' are unknown and 
differ from unit to unit, a calibration must be carried out to obtain values for C| and C 2 : these 
values may be store in EEPROM for later use. 

In normal or fow gain mocfe, the lower switches are clceedandthe higher switches are open. 
Still using the V^f as reference, gives: 

r[n]=V ref x(t i /t fet ) 

Where: 

I'fnJ = l[n] x G 2 ' 
and l^i ="iow = V^ JG 2 x C2=V re , /G 2 " 
so l[n]xG 2 '=(l re( xG 2 ')x(t i /t re( ) 
i.e. I[n] =1^x^/1^) 

The right hand scte of the equation is the standard equation for cafcubting a single slope ADC 
value with 1^ as the reference. The means the ADC output will be ^[n] = l[n]. And the final 
output is l oull (n] = 4 x l^n] = 4l[n]. 

In high gain mode, the switches are switched over, i.e. higher switches closed and lower 
switches open Using the same equation: 

r[n]=V re fx(t i /t ref ) 

But now 
and 



that fa 



or 



l r [n]=4J[n]xG 1 

•rel =l high = V ref /G 1 
4l[n]xGi =(l re fxG 1 )x(t i /W) 

4l[n] -Infxfti/tnf) 

4l[n] = ladln] 
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The final output s l ui[ n ] = 'ad[ n J = *[ n ] 

Both cases give the same final output and maintain the accuracy. The extra gain of 4 in low gain 
mccte babncesthe external hardware gain in high gain mode Another alternative isto just scate 
down the high gain value with no change on low gain input But this is undesirable since it 
reduces the number of significant digits and increases the computatbn error In actual 
computation, all input values are furtherscaledupto provide more working digits. 

2.4 Automatic Gain Switching 

Gain switching between high and low gain of the dual range ADC should be ctone automatically 
and transparently. At the beginning of Sectton 2 3. note that the maximum ADC value is 4000 
which corresponds to 4CO% of current input In high gain mocfc with small input signals, the 
10-bit ADC covers the lower range up to 1024, or roughly 103%. In low gain mode with big input 
signals, a 10-bit ADC with again of 4 can cover 4 to 4096. or 4% to 403%. This means that any 
selection from 4% to 100% can be used as a decision for gain switching. 

In this application, the covered ranges of the high and low gain overlap each other. This 
introduces some amount of hysteresis that prevents the system from frequent switching between 
the two ranges. The two ranges used are 5% to 80% for high gain, and 93% to 4CO% for tow 
gain. This selection is rather arbitrary but reasonable as it provdesa 20%overlapand20% 
(100%-80%in high gain) saturation margin. 

3 Anti -Tampe ring to Prevent Electricity Theft 

In some countries, electricrty thett by illegal tampering with theelectrcity meter is a serous 
problem. The examples telow show some possible tampering methods. 
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Figure 6* Examples of Different Meter Tampering 

The main method lor tampering is to reduce or prevent current (low from either the tive or neutral 
sensor It current is only taken from one of the lines, little or no electricity can be measured A 
simple and straightforward way to prevent this, isto measure both lines and use the bigger one 
to calculate the amount of electricity used This requires one additional ADC channel Adding 
one ADC channel normally requires substantial additional harxAvare cost. Fortunately, the 
capture timer of the MSP430C11X provKtes three channels of ADC at almost the same costas 
two channels. 
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System Data Flow 
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Figure?. Internal Data Flow Block Diagram 

Understanding data ttow is the key to uncfcrstandlng a system. Figure 7 shows all the internal 
data flow except the high voltage front end and the energy-to-pulse converter The input voltage 
and the two input currents, after scaling ctown (or up) from the high voltage front end. are first 
sampled by three ADCs simultaneously. The vottage channel uses a simple single-slope ADC 
The ADCsof the two current channels are similar but with dual gain amplifiers on top. The gain 
controller provicfes an automatic gain control tor these two ADCs. The cfc remover provicfes the 
ac component (v[n] t 4i| fnj and 4i2[n]) for each channel. The bigger current selected by the 
current selector is multiplied with the vottage output to give the instantaneous power With the 
low pass filter the average power can be extracted and is continuously accumulated to give the 
normalized energy. L4VA. This value is finally fed to the energy-to-puise converter to drive an 
electro-mechanical dial or other pu tee-counting display for vsual output 

4.1 Frame Detector 

A frame is defined as a number ot complete ac cycles of the voltage input. It provfctesa periodic 
time to update the data in the unit. At the end ot each frame, the dc level of the voltage and 
current input, the current selection and the gain selection are updated. An ac cycle boundary is 
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ctetected by checking the zero crossing ot lhe voltage input signal The selection of the number 
of cycles per frame is arbitrary butshoufcl be sufficiently large. The current ctesign uses 90 
cyctes as a frame. This averages out the pcesibte error in the voltage cte level and cycle 
detection. There is a possibility that the assumed cte tevel bysoutskte the voltage swing. In this 
case, a time out is used to end a frame. 

4.2 DC Remover 

The cte content of an input signal is removed by subtracting the input from its cte level. Fora 
number of multiple cycles (or a frame), the dc level is given by the mean of the total input 
samples. 

Le. Vdc = £V[n] / N 
and l ik = D[n]/N 

Where N is samples p«rtrame 

If the number of cycles is big enough, this will be very accurate 

The cte removeis tor the two current channels cto a little more than the cte remover for the 
voltage channel There coukJ be a reversed current flowing if the connection of the mains input 
and ttie bad output are reversed This results in a negative power (or negative energy). To 
prevent this, the sign of the energy output (1_4VA) is checked in each frame boundary. If it is 
negative, the sign of the ac current output (4i|[n]or4Í2[n]) is reversed so that pcsrtive energy will 
be obtained on the next frame- 
It is not strictly necessary to inclucte the cte remover for the current channels if the voltage offset 
can be found, le the current dc offset can be left unremoved throughout the calculation. 

Since v(t) = Vdc + V x sin(«t) 
and i(t) = l<fc + Id ■ sin(«t+*#) 

then £vi=£Vdc x Idc+PAfc * 'o +l * * Vo) x Isin(wt)+V x l D x £sm(wt)sin(tt>t ■+«) 

Fora complete cycle. 
Esin(ut)=0 

So £vi = £V dc x l(j c +V x l x £sin(tot)sin(wt +6) 

If V^ is found, the computation becomes 
£((v-V dc ) x i) = V x l x sin((ot)sin{uJt 4«i 

Which cCes not inclucte the 1^ term. 

Certainly, there is always a small error on the Vd C . but the onty effect is a slightly bigger error in 
the energy output. So if this can be accepted, the dc remover tor the current channels can be 
ignored. 

One further point regarding the cte shift tor the current signal neecfe to be considered Because 
of the harchvare ctesign, a small <te tevel variation on the current inputs coutí severely affect the 
accuracy. The cte level is amplified by 4 in a high gain mocte. This shifts the whole signal up or 
down and limits the possible input swing. The measurement will be incorrect for large input due 
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to saturation. It for example, the range otthe ADC is Oto 3.5 Vwith a bias of 1.75 V, a0.2-Vdc 
offset will give 0.8 V in the high gain mccte. This shifts the output bias to 2.55 V, and the margin 
rs reduced from 1.75 V to 095 V 

4.3 Current Selector 

The current selector e included solely foranti-tampering purposes. Tampering with the meter 
can only conset of reducing or removing one of the current inputs, but not both. The bigger 
current still reflects the actual amount of electricity used The slmpfest way to find the bigger 
current is to compare the sum of the absolute values of the two current channels. On each frame 
boundary, the current selector updates a pointer according to the compared result. The pointer 
then sefects a current input on the next frame. 



4.4 Gain Controller 

As cbscrited in section 2.4. the automatic gain control requires the ctetecfon of the input current 
passing a certain th res hoid. Figure 8 shows how the can be done. 



Input sample above yj 




Figures. Threshold Detection 

Suppose a signal is required to Ostect whether it is passing a certain threshold y A simpte way 
to cto this is to capture the peak, or the maximum sampted value, of the signal The problem with 
this method is the serious possibility of false ctetectbn in a noisy environment To improve this, 
additional points around the peak are taken. Considering a threshold y, =sin(x) which s slightly 
below y there are (it/2-x) input samples above y, in the first quarter cycle. In other words, if the 
numterof samples greater than y< isgreater than (x/2-x). the signal peakshould be greater 
than y Although this approach dees not find the actual peak value, it determines whether the 
signal passes the threshold. At each frame boundary, the gain controller compares the number 
of samples above yt with the total input samples. If it exceeds or falls Celow a certain 
percentage, the gain is switched. 

4.5 Low-Pass Filter 

The feast component on Figure 7 is the low pass filter. 

Conskter v(t) = V x sin(ut) 

and i(t) = l xsin(iot) 

so p(t) = V x l x sin2{t0t) = (1/2 x V x lo)x(1-cos(2ti>t)) 
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From lhe above equation, lhe inslanteneous power e actually lhe average power with a hppie 
on lop. The npptesize e so big thai it has a peaK-to-peak value twee the value ol the average 
power Bui» tor long term accumulation, It does not matter how big (he rippfe csas it will Ce 
cancelled out after a number ot complete cycle integrations The kw pass fitter simply improves 
the stability ol the instantaneous deptay; it has no effect on the overall accuracy. 

5 Energy lo Pulse Converter 

The gain lactorol the high voltage front end to the low voltage ADC and the internal scale 
factors (and'or other constants) required to compute the real energy output are all taken 
together m the energy depby 

If the high voltage front end is governed by 

V h (t) = K v xv(t) 

W»> = Ki*Mt) 
l 2h (l) = Ki x i 2 (t) 

and the scale factor for internal computation is K 5 which grves 
V(t)=K s wv(t) 

I, (ft -il x W 

l 2 (tí = K s *í 2 (I( 

i.e V h <t)-K,/^xV(t) 
l, n (l| = K,/K s .vl 1 (t) 

then the accumufcatedenergy g 

E = £VhAh xtc Where tc Es the sampling period 

and Ah is In-, or hf, which ever is higher 

= £VA x Ky xKifK^y.tc where A is I] or I2 which ever is higher 

= ZE* 1 4 a K, a Kj / {Ks 2 H U) where ^ = 4VA 

and f 5 = l/t; e the sampling freq 

Assuming the energy is displayed in 0.1-KWh (Kilowatt- hour) resolution, the dsptayed value is 

^j = E/(CU > 1000x3600) 

= EEç/6 where 5-0,1 M 1000 x 3930 x4xK. 2 .v f s /{K v xKi) 

Obviously, ft is the unity display energy in thectomainof the internal scaled energy Eg = 4VA If 
each 8 is represented by a single pulse, the total energy can be shown on a pulse-count type ol 
display Using l>asa threshold, a simple approach lor pulse generation is developed Figure 9 is 
the flow diagram. 
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Figure 9. Flowchart for the Incremental Energy Display 

For each sample input the sampled and scaled energy Eg = 4VA is first added to the 
accumulated energy E&. If E a is greater than the unity energy &, subtracts Strom Eg and gives a 
pulse output The display is incremented by 1. 

A typcal pulse-count display cfevice is an electro-mechanical dial This Kind of display can be 
emulated using a cfecimal counter in the software. The counter value is displayed on an LCD or 
on 7-segment LEDs. 

In case a high frequency pulse is required for accuracy measurement Scan be reduced 
accordingly to give more frequent pukes. Each energy dtspby pulse is taken as a numberof 
these small pulses. 

Calibration 

Although most of the critical resistors for different gain control are (or should be) high accuracy, 
calibration is required to further improve the accuracy to meet tight requirements. Although the 
current and voltage channels are separated, calibration isctone together on the volt-ampere 
product As there are two gain stages for each current the gives four calibratbn points. This is 
troubfesome and time consuming in real production, so an automatic or setf-calibratbn method 
ts neected to make production easier 

The Ktea is to read a numberof energy pulses from an accurate reference meter connected in 
parallel The time taken is compared with the time of the same numberof pulses generated 
internally. The compared errois or calibration factors are stored on an EEPROM that can be 
used to adjust the reacfcng in normal operation. 

Summary 

This application report illustrates how a low-cost fully electronic electricity meter can be 
constructed using the MSP433C11X. Other more sophisticated solutbns exist but they invariably 
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are more expensive since ttiey cto not have the advantage of the low cost ADC stages and the 
low cost processing power In thisapplcation. the low cost ADC is tightly coupled with the 
internal timer ot the dlxandthe high performance 16-brtcore fulfills the requirements ot the 
demanding measurement algorithms. This makes the MSP430C1IX tosede-meter circuit very 
cost competitive. 
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Appendix A Schematics 
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Schematic 4 
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